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Raman lasers based on integrated silica whispering gallery mode resonant cavities have enabled numerous 
applications from telecommunications to biodetection. To overcome the intrinsically low Raman gain value of silica, 
these devices leverage their ultra-high quality factors (Q), allowing sub-mW stimulated Raman scattering (SRS) 
lasing thresholds to be achieved. A closely related nonlinear behavior to SRS is stimulated anti-Stokes Raman 
scattering (SARS). This nonlinear optical process combines the pump photon with the SRS photon to generate an 
upconverted photon. Therefore, in order to achieve SARS, the efficiency of the SRS process must be high. As a result, 
achieving SARS in on-chip resonant cavities has been challenging due to the low lasing efficiencies of these devices. 
In the present work, metal-doped ultra-high Q (Q>107) silica microcavity arrays are fabricated on-chip. The metal-
dopant plays multiple roles in improving the device performance. It increases the Raman gain of the cavity material, 
and it decreases the optical mode area, thus increasing the circulating intensity. As a result, these devices have SRS 
lasing efficiencies that are over 10x larger than conventional silica microcavities while maintaining low lasing 
thresholds. This combination enables SARS to be generated with sub-mW input powers and significantly improved 
anti-Stokes Raman lasing efficiency.   
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1. INTRODUCTION 
Over the past decade, lasers have enabled numerous discoveries in 
fundamental science and have played a key role in many technological 
advances. These systems have relied on synergistic innovations in 
optical devices and in nonlinear optical materials. For example, high 
harmonic femtosecond pulsed laser systems have unraveled the 
kinetics of chemical reactions [1–3], and Raman-based fiber lasers form 
the foundation for a wide range of medical [4–6] and 
telecommunication systems [7–9]. However, there is an ever increasing 
demand to move from benchtop to on-chip platforms.  
To meet this demand, recent research efforts have investigated 
creating the analog of the Raman fiber lasers using on-chip whispering 
gallery mode optical resonators as the lasing cavity [10–14]. Raman 
lasers rely on the third order nonlinear optical processes that result 
from the interaction of light with the vibrational modes, or optical 
phonons, of the scattering medium [15,16]. Because optical resonators 
can have quality factors (Q) in excess of 100 million, they can support 
large build-up intensities and achieve low Raman lasing 
thresholds [10,16]. However, because the Raman gain of the device 
material is low, the stimulated Raman scattering (SRS) lasing efficiency 
is poor. This low efficiency makes it extremely challenging to achieve a 
related nonlinear effect, simulated anti-Stokes Raman scattering 
(SARS), in an integrated device platform [17]. 
Similar to SRS, SARS is also a third order nonlinear effect. However, 
SARS is dependent on the interaction between the pump photons and 
the SRS signal, as shown in Fig. 1 (a) [18]. Thus, to generate SARS, there 
must a sufficient population of photons both at the SRS wavelength and 
the pump wavelength. Therefore, in integrated devices, the intensity of 
the SARS emission is usually several orders of magnitude weaker than 
that of SRS [19,20]. 
 
Fig. 1. (a) Energy level diagram of red-shifted stimulated Raman 
scattering (SRS) and blue-shifted stimulated anti-Stokes Raman 
scattering (SARS) with the vibrational state of the gain medium. νPump, 
νSRS, νSARS, and νVibration are corresponding to the frequencies of pump, 
SRS, SARS, and vibrational optical phonon, respectively. (b) Schematic 
image of generated SRS (red) and SARS (blue) with Pump (purple) in 
on-chip metal-doped silica hybrid toroid resonator with tapered optical 
fiber waveguide. 
In previous works, one successful approach to generate SARS is to 
use a very high power laser, increasing the number of photons available 
for SARS [21–24]. Additionally, efforts developing nanomaterials that 
can generate Anti-Stokes emissions have been rapidly progressing [25]. 
However, both methods will face hurdles to being readily integrated on-
chip. Recent research using metal-doped silica toroidal whispering 
gallery mode microcavity-based microlasers has shown a possible 
alternative strategy (Fig. 1 (b)). Metal dopants enable silica sol-gel layers 
to exhibit high Raman gain, enhancing Raman lasing efficiencies as high 
as 40% with lasing thresholds in the sub-mW range [26,27]. These 
devices could provide a path to overcome the previous hurdles and be 
the ideal on-chip platform for generating SARS with single pump source.  
In this work, we demonstrate the generation of SRS and SARS using 
Zr-doped and Ti-doped silica microresonators fabricated on silicon. The 
experimental results clearly indicate that the metal-doped silica hybrid 
devices show significant enhancement in both SRS and SARS efficiencies 
with reduced thresholds when compared to the undoped devices. The 
theoretical analysis of SARS behavior in the devices is developed by 
combining analytical theory with finite element method simulations, 
and the results reveal that the ability to generate SARS with sub-mW 
thresholds can be attributed to improved mode confinement and 
increased Raman gain caused by the metal dopants. 
2. THEORETICAL ANALYSIS 
A. Theoretical motivation  
Previous work has shown that the anti-stokes wave is generated 
through a four-wave mixing process involving the pump mode and the 
Raman mode [28]. As the amplitude of the Raman mode is several 
orders of magnitude higher than the anti-stokes mode [19,20], the 
coupled mode equations for the amplitude of the anti-Stokes mode (AA) 
can be written as: 
𝐴𝐴  =  
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, where γ = (ωP n2)/(c Aeff), ωP is the pump frequency, 𝑛2 ≈
2.2 × 10−20 𝑚2 𝑊⁄  is the Kerr nonlinear coefficient for silica, c is the 
speed of light in vacuum, and Aeff is the effective mode area. AP and AR 
are the amplitude of the pump and the stimulated Raman mode, 
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ωR and ωA are the frequency of the Raman and the anti-Stokes modes, 
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Here, IPump and ISRS are the intensity of the pump and the Raman 
modes, respectively. Above the Raman threshold, a clamped pump field 
is observed. As the pump mode is a clamped mode, IPump can be taken as 
a constant and is independent of the coupled power [28]. This 
assumption modifies the typical relationship between the coupled 
power into the resonator and the launched fiber power, which gives a 
square root dependence of the pump-to-Raman conversion. In other 
words, due to the clamped mode, the coupled power is constant even 
when the amount of power in the fiber increases.  
Based on Equation 2, there are several relationships that are 
important to highlight. First, ISRS is linearly dependent on the coupled 
power, as has been shown in previous work with resonant cavity 
devices. Second, because ISARS is linearly proportional to ISRS, the intensity 
of the anti-stokes wave is also linearly dependent on the coupled power.  
Lastly, it worthwhile investigating the dependence of ISARS on the 
optical mode area. Typically, mode area is overlooked when evaluating 
whispering gallery mode device types, as quality factors can vary by 
several orders of magnitude and thus have a larger impact on the 
circulating intensity. However, in the present work, the optical quality 
factor is held constant, but the optical mode area is a variable.  From 
equation 2, it is clear that ISARS is inversely dependent on the Aeff2. In other 
words, a smaller mode area results in a higher intensity of SARS 
emission. In contrast, the Aeff has a linear relationship with the SRS 
threshold and is inversely proportional to the intensity of SRS. To 
calculate mode area, finite element method analysis is needed. 
B. COMSOL Multiphysics FEM simulations 
Given the dependence of SRS and SARS on Aeff, it is judicious 
to model the Aeff of different device types before performing 
experiments. This modeling was performed using COMSOL 
Multiphysics finite element method (FEM) [29]. Fig. 2 (a) 
contains the cross-sectional images of toroids with the 
fundamental optical modes of both undoped and metal-doped 
coated silica hybrid resonators. All values used in the model are 
based on the devices used in the experimental work. Due to the 
high index of the metal-doped coating layer, the optical mode 
shifts towards the edge of the toroid and is more tightly confined 
in the coating layer, causing a decrease in the Aeff [30]. 
 
Fig. 2. COMSOL Multiphysics finite element method (FEM) simulation 
results. (a) Optical field distribution in the coated toroidal microcavity. 
The major and minor diameters of the silica toroid are 55 μm and 6 μm, 
respectively. The refractive indices of coatings are 1.454 for undoped 
and 1.520 for metal-doped layer (either Zr or Ti) with thickness of 400 
nm. (b) The dependence of the fundamental mode area as a function of 
the refractive index of coating (ncoating) and the minor diameter. The 
coating thickness is fixed to 400 nm, and the wavelength is 1550nm. 
The values of all parameters were varied to evaluate the 
experimental landscape, and the results are plotted in Fig. 2 (b). It is 
clear that changes in the coating index have a significant effect while 
changes in the device geometry have negligible impact on mode area 
over the values modeled.  
 These simulations can be used to evaluate the impact of changing the 
film on Aeff. For example, as the ncoating increases from 1.454 to 1.520 at 
the minor diameter of 6 μm, the Aeff decreases from 1.17 to 0.90 μm2. 
This change would result in an increase of SARS Intensity of 1.69 times 
or 169%. Thus, it is clear that by adding a thin layer of a high index 
coating, the ability to generate SARS should be significantly increased, 
even if the Raman gain remained low.  
 To experimentally verify this hypothesis, metal-doped sol-gel coated 
toroidal microcavities are fabricated. The devices consist of a silica 
toroid cavity with a metal-doped silica sol-gel coating layer. Two 
different metals are studied in the present work: Zirconium (Zr) and 
Titanium (Ti) as well as control devices.  
3. EXPERIMENTAL METHODS  
A. Synthesis of metal-doped silica sol-gel 
The metal-doped silica sol−gels are synthesized with an acid-
catalyzed hydrolysis−condensation reaction [31]. Either Zr or Ti is 
selected as the metal dopant because their tetrahedral oxygen bonds 
form a stable matrix with the silica sol-gel. Methyltriethoxysilane 
(MTES, Sigma-Aldrich, 98%), which is a silica precursor, is added to 
ethanol (Decon Laboratories, KOPTEC 200 Proof) with 5 minutes of 
stirring. Hydrochloric acid (HCl, EMD, 38.0%) is added to this solution 
to initiate the hydrolysis reaction. After 20 minutes, 10 mol% of either 
Zr propoxide (Sigma-Aldrich, 70 wt % solution in 1-propanol) or Ti 
butoxide (Sigma-Aldrich, 97%) to silica is added to the solution, and the 
reaction progresses for another 2 hours. After the hydrolysis is 
complete, the sol−gel is aged at room temperature for 24 hours and 
filtered through a 0.45 μm syringe filter. The solution can be stored in a 
refrigerator (∼5 °C) until it is used.  
The doping concentrations used here were determined in previous 
works [26,27] and represent a balance between achieving the 
maximum increase in Raman gain and in refractive index with the 
minimum increase in optical loss. An additional consideration is the 
ability of the sol-gel matrix to support large concentrations of dopants 
without cracking, which will decrease the Q.   
B. Material characterization 
To analyze the material properties and verify dopant incorporation, 
it is necessary to fabricate a series of control wafers. These are fabricated 
by spin-coating the sol-gels onto bare silicon wafers using the same 
method as in the device protocol. The refractive indices and film 
thicknesses are measured with an ellipsometer. The film thicknesses 
are constant (∼400 nm) in all samples. The refractive indices of the 
coating (ncoating) increase from 1.454 for undoped coating to 1.520 for 
the 10 mol% of either Zr or Ti-doped coating [26,27].  
The Raman spectra of undoped, Zr- and Ti-doped sol-gel layer on 
control wafer are collected via Reinshaw InVia Raman spectrograph 
with a 532 nm excitation laser. Silica generally has two Raman 
responses at 500 and 1000 cm-1, corresponding to the bending and 
stretching mode of silica, respectively [32]. The ratio of two peaks 
indicates the degree of polarization (IP) of silica. The IP values increase 
from 2.96 (undoped) to 4.87 (10 mol% metal-doped) [26,27], indicating 
that silica become more polarized with metal dopants. In silica, both SRS 
and SARS are based on the vibration of phonon. In other words, the 
enhancement of IP value indicates that silica matrix becomes more 
susceptible to vibrate with incident electric field, enabling stronger 
Raman responses. Therefore, with the high Raman gain material, metal-
doped silica sol-gel layer can improve not only SRS but also SARS 
efficiency and threshold.  
C. Device fabrication 
Bare silica toroidal micro-resonators are fabricated from 2 μm of 
thermally grown silica on a Si wafer using three main steps: 
photolithography and BOE etching to define silica circles pattern on 
silicon wafers, XeF2 etching to remove silicon isotropically to obtain a 
suspended silica disk on a silicon support pillar, and CO2 laser reflow to 
produce silica toroids [33]. All devices fabricated have similar major and 
minor diameters (55 μm and 6 μm). 
After fabrication, the bare silica toroids are treated with an oxygen 
plasma. Then, the metal-doped silica sol−gel solutions are spin-coated 
at 7000 rpm for 60 seconds directly onto the devices. After the spin 
coating, the samples are dried at 80 °C for 5 minutes to evaporate the 
residual ethanol solvent. The final metal-doped silica hybrid devices are 
obtained after annealing the samples at 1000 °C for 1 hour in a tube 
furnace in an ambient environment. This process completes the 
condensation reaction of the metal-doped silica sol-gel. Fig.  3 (a) shows 
one of the metal-doped silica hybrid devices taken via scanning electron 
microscope (SEM). 
The presence of metal dopants (either Zr or Ti) is verified using SEM-
EDS (energy-dispersive X-ray spectroscopy) measurements as shown 
at Fig. 3 (c) and (d). Notably, these measurements were performed on 
the devices with either Zr-doped or Ti-doped thin film coatings, not 
control wafers. In addition to the peaks originating from the silicon (Si 
at 1.740 keV) and oxygen (O at 0.523 keV) intrinsic to the Si and SiO2, 
each spectrum contains peaks corresponding to either Zr (at 2.042 keV) 
or Ti (at 4.510 keV). The relative intensity of each signal indicates the 
relative concentration of the element. Considering the intensity of the Zr 
or Ti signals, the concentration of each element is fairly low compared 
with Si and O, as expected. 
D. Device characterization 
Fig. 3 (b) shows a schematic image of the testing set-up for the silica 
hybrid resonators. The quality factor (Q) of the device is characterized 
using a Newport velocity tunable laser centered at 1550 nm. Light is 
coupled into a device using a tapered optical fiber waveguide [33]. The 
end of the tapered optical fiber is connected to an optical splitter; one 
output goes to an oscilloscope to measure the cavity Q of the device (10 
%), and the other end is attached to the optical spectrum analyzer (OSA) 
to detect the optical emissions from device (90 %).  
 
Fig. 3. (a) SEM image of a sol-gel coated device indicating major (D) and 
minor (d) diameters. (b) Schematic image of testing set-up with a laser, 
a tapered optical fiber, a photodetector (PD) connected to an 
oscilloscope (O-scope), an optical spectrum analyzer (OSA), and on-chip 
silica microcavity. EDS spectra from (c) Zr- and (d) Ti-doped silica 
hybrid devices. The silicon (purple) has peaks at 1.740 and 3.49 keV. 
The oxygen (green) has a peak at 0.523 keV. The Zr (red) and Ti (blue) 
have peaks at 2.042 and 4.510 keV, respectively. Each peak is fitted to a 
Gaussian. 
The loaded Q is determined by measuring the  transmission 
spectrum from the oscilloscope and using the expression: Q = λ / Δλ, 
where λ is the resonant wavelength of the resonator and Δλ is the full-
width at half maximum (FWHM) of the resonant peak fitted to a 
Lorentzian [34]. Using a coupled waveguide-cavity model, the intrinsic 
Q can be determined.  
The efficiency and threshold of SRS and SARS behavior is determined 
by varying the input power and measuring the output SRS and SARS 
emission on the OSA. The x-intercept of these results represents the 
threshold, and the slope of the fitted lines is the efficiency of the process. 
In addition, the nonlinear mechanism giving rise to the observed 
emission wavelengths can be confirmed by measuring the Stokes and 
anti-Stokes frequencies and comparing them with the known values of 
silica. 
4. RESULTS AND DISCUSSION 
A. Optical Quality Factors (Q) 
Fig. 4 contains intrinsic Q values from a series of devices. 
Intrinsic Q values of the metal-doped devices are slightly lower 
than those of undoped silica due to the material absorption loss 
from the metal dopants [30]. Even though the intrinsic Q values 
of the metal-doped devices are lower than those of the undoped 
devices, the intrinsic Q values are still above 107. At these device 
geometries and wavelengths, this Q range represents circulating 
optical intensities of between ~64.21 GW/cm2 (Q=107) to ~ 
642.06 GW/cm2 (Q=108) for the metal-doped devices with 1 mW 
of input power, which should be more than sufficient to achieve 
SRS [10,16]. All values in Fig. 4 are summarized in Table 1. 
 
Fig. 4. The intrinsic Q of a series of undoped, Zr-doped, and Ti-doped 
silica hybrid devices.  
B. SARS emission characterization 
Figure 5 (a) – (c) show representative spectra for first order SRS and 
SARS emissions from undoped, Zr-, and Ti-doped devices acquired with 
a similar coupled power, approximately 1.5 mW, measured via the OSA. 
The spectra contain the red-shifted SRS peaks and the blue-shifted SARS 
peaks as well as the pump laser located at the center of the spectra. In 
the zoom-in spectra, the SARS emission is clearly evident in both metal-
doped devices, whereas it is necessary to magnify the y-axis by 10x in 
order to detect the SARS emission from the undoped device, (Fig. 5 (a) 
inset). This improvement indicates that the metal-dopants have a 
significant effect on the SARS generation. 
All Stokes and anti-Stokes shifts measured for all devices are 
summarized in Fig. 6. As expected for a Raman process, the Stokes- and 
anti-Stokes shift values are the same, and the values range between 
12~15 THz for both undoped and metal-doped films [35]. This range 
falls within the broad, continuous Raman gain spectrum of silica and 
indicates that the signal in all devices is being generated by the Si-O-Si 
vibration. The values are included in Table 1. 
While the relative magnitudes of the SARS emissions in the spectra in 
Fig. 5 are indicative of an enhancement, it is necessary to acquire the 
efficiency and threshold measurements of the SRS and SARS signals to 
quantify the performance improvement. Figure 7 contains these 
characterization measurements for the devices plotted in Fig. 5 as a 
function of coupled power and the results for all devices are 
summarized in Fig. 8.  
 
Fig. 5. Emission spectra of (a) undoped, (b) Zr-, and (c) Ti-doped devices 
with similar coupled power (~ 1.5 mW) into the devices obtained via 
OSA. Zoom-in spectra below show generated SARS. 
As can be seen in Fig. 7(a), above threshold, the dependence of SRS 
output power on input power is linear. These results are in agreement 
with previous studies on resonant cavity based Raman lasers [16]. In 
addition, the SARS intensity depends linearly on the coupled power, as 
expected in Equation (2). Based on these results, the relationship 
between SRS and SARS emissions can be calculated (Fig. 7(c)). All 
findings support the predicted linear dependence from Equation (2). In 
the case of the undoped device, the plotted values in Fig. 7(c) are 
confined in a small range because of the low efficiency of generating SRS 
which results in poor SARS generation. 
 
Fig. 6. Generated SRS (hollow symbol) and SARS (solid symbol) shift 
from various devices.  As expected, the Stokes and anti-Stokes shifts are 
identical, providing evidence that the upconverted photons are the 
result of the anti-Stokes process. 
From the data in Fig. 7 and similar data for other devices, the lasing 
efficiency (slope) and threshold power (x-intercept) are calculated from 
linearly fitted line. These results are plotted in Fig. 8 and summarized in 
Table 1. As can be seen, the results are reproduced across multiple 
devices.  
 Fig. 7. (a) SRS and (b) SARS power as a function of the coupled power into the devices. (c) The ratio of SARS versus SRS power from various devices.  
The average SRS threshold values are 573.67 ± 54.35 μW (undoped), 
329.33 ± 24.95 μW (Zr-doped), and 342.67 ± 56.98 μW (Ti-doped). As 
shown in Fig. 8 (b), the average SRS efficiencies are 3.38 ± 0.17% 
(undoped), 36.22 ± 2.44% (Zr-doped), and 33.22 ± 4.72% (Ti-doped) 
devices. Thus, the presence of the metal-doped silica sol-gel coating 
decreases the threshold by over 1.5x and increases the efficiency by 10x. 
Similar performance improvements due to the inclusion of metal 
dopants have been observed in previous work and has been attributed 
to an increase in the polarizability of the silica, which increases the 
Raman gain, as well as an increase in the refractive index of the metal-
doped layer [26,27]. 
 
Fig. 8. (a) Threshold and (b) efficiency values of SRS, and (c) threshold 
and (d) efficiency values of SARS from various devices.  
This improvement in SRS generation efficiency and threshold 
enables SARS to be easily generated at low input powers. As seen in Fig. 
8 (c), the SARS threshold decrease parallels the decrease observed for 
SRS, with average SARS threshold values of 1,081.49 ± 92.51 μW 
(undoped), 604.37 ± 66.83 μW (Zr-doped), and 603.12 ± 26.75 μW (Ti-
doped). This threshold improvement is ~1.8, which is comparable to 
the improvement in the SRS generation. 
The average SARS efficiencies also increased with the addition of the 
coating layer and are 0.94 ± 0.31, 14.66 ± 0.40, and 14.20 ± 2.42 x 10-2 % 
for undoped, Zr-, and Ti-doped devices, respectively. Therefore, the 
improvement due to the addition of the metal-doped thin films is ~15x. 
This efficiency improvement is due to the increase in the population of 
the vibrational state in the metal-doped devices (Fig. 1 (a)), allowing 
more pump photons to be excited from the vibrational state to the 2nd 
virtual state. 
It is worth noting that this 15x efficiency improvement is larger than 
the 10x SRS efficiency increase. The larger effect can be directly 
attributed to a decrease in Aeff in Equation (2). With all other factors in 
Equation (2) constant, the larger SARS efficiency enhancement is due to 
the multiplicative effect of the SRS efficiency increasing and the effective 
mode area decreasing.  
5. CONCLUSIONS 
In conclusion, low threshold anti-Stokes Raman lasers are 
demonstrated using an integrated resonant cavity platform. To achieve 
this on-chip platform, simultaneous innovation in device design and in 
material performance were achieved. By coating an optical cavity with 
a metal-doped thin film, the material Raman gain was increased. 
Additionally, the material developed was designed to have a low optical 
loss, thus allowing the ultra-high-Q factor to be maintained, and the 
device geometry and material index were optimized to reduce the 
optical mode area. As a result of these synergistic improvements, the 
efficiency of the generated SARS is improved over 15x and the threshold 
is decreased over 1.8x as compared to other on-chip silica devices. On-
chip SARS generators will find numerous applications such as in the 
development of on-chip Raman systems biochemical detection [36–38] 
and unraveling quantum mechanical behavior [39,40]. 
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Table 1. Summary of all results 
 Bare Bare Bare Zr Zr Zr Ti Ti Ti 
Diameter 
(μm) 
53.42 55.20 55.73 53.53 53.80 51.60 52.67 52.07 53.80 
Intrinsic Q 
(x 10
7
) 
5.43 
± 0.80  
8.52 
± 0.88 
4.03 
± 0.17 
3.94 
± 0.06  
4.96 
± 0.24 
2.84 
± 0.08 
2.43 
± 0.05 
5.09 
± 0.17 
4.18 
± 0.16 
Shift of 
SARS 
& SRS 
cm
-1
 429.63 462.32 422.29 430.30 483.00 454.65 493.34 411.95 453.65 
THz 12.88 13.86 12.66 12.90 14.48 13.63 14.79 12.35 13.60 
SARS 
Threshold 
(μW) 
1166.12 
± 20.23 
1095.62 
± 16.29 
982.72 
± 53.48 
568.78 
± 15.51 
681.47 
± 15.43 
562.87 
± 10.14 
620.19 
± 49.48 
572.29 
± 49.26 
616.89 
± 25.21 
Efficiency 
(x 10
-2
 %) 
1.29 
± 0.13 
0.84 
± 0.04 
0.69 
± 0.02 
15.09 
± 0.21 
14.56 
± 0.31 
14.32 
± 0.14 
11.41 
± 0.19 
15.52 
± 0.50 
15.68 
± 0.41 
SRS 
Threshold 
(μW) 
514.69 
± 57.83 
605.51 
± 30.64 
661.61 
± 30.50 
339.20 
± 30.59 
301.86 
± 8.72 
348.97 
± 18.53 
379.43 
± 25.09 
276.79 
± 17.41 
372.20 
± 9.14 
Efficiency 
(%) 
3.51 
± 0.07 
3.44 
± 0.13 
3.18 
± 0.10 
37.38 
± 1.13 
37.86 
± 0.23 
33.42 
± 0.25 
28.90  
± 1.21 
38.25 
± 0.70 
32.50 
± 0.35 
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